A Review of 2004 Austroads Right Pavement Design by Yousefi Darestani, Mostafa et al.
22nd ARRB Conference – Research into Practice, Canberra Australia, 2006 
© ARRB Group Ltd and Authors 2006  1 
A REVIEW OF 2004 AUSTROADS RIGID PAVEMENT 
DESIGN  
M. Y. Darestani, A. Nataatmadja and David P. Thambiratnam, 
Department of Urban Resources, Queensland University of 
Technology, Australia 
Daksh Baweja, Rinker Australia, Australia 
ABSTRACT 
The 2004 edition of Austroads rigid pavement design guide has been based on the work of 
Packard and Tayabji (1985) which is known as the PCA method. In this method, a number of 
input parameters are needed to calculate the required concrete base thickness based on the 
cumulative damage process due to fatigue of concrete and erosion of subbase or subgrade 
materials. While the PCA method has been known as the most widely used mechanistic design 
procedure for rigid pavement, it has a number of limitations.  
This paper reviews the 2004 design guide, introduces a design software specifically developed 
to study the guide and highlights some important points. In addition, a finite element program 
EverFE2.23 has been used to determine the critical configuration and position of axle groups. 
Results of the current study show the complex interdependence of the many parameters. 
Furthermore, it is demonstrated that the critical location of axle groups on pavement is not as 
simple as described in the guide but depends on the boundary condition between concrete base 
and subbase as well as the temperature and moisture gradients within the depth of the concrete 
base.  
INTRODUCTION 
In 2004 Austroads released a revision of the 1992 Guide for rigid pavement design based on 
the PCA method. The Guide provides a mechanistic procedure for calculating the required 
concrete base thickness for different concrete base types including Jointed Plain (unreinforced) 
Concrete Pavement (JPCP), Jointed Reinforced Concrete Pavement (JRCP), Continuously 
Reinforced Concrete Pavement (CRCP) and Steel Fibre Concrete Pavement (SFCP). 
The work of Packard and Tayabji (1985) has formed the basis of both the Austroads and the 
PCA design methods. A variety of inputs including design traffic, subgrade CBR, subbase 
thickness and type, project design reliability (PDR), concrete flexural strength, vehicular load 
spectra (axle group load distribution) and provision of dowels and shoulders are taken into 
account to calculate the required concrete base thickness based on the cumulative damage due 
to fatigue of the concrete base and erosion of subbase and subgrade materials. The severity of 
fatigue and erosion damage depends on structural response of rigid pavements as affected by 
vehicular load configurations, environmental factors, and material/layer characteristics.  
Design traffic is an estimation of heavy vehicle volumes on the road during the pavement life. 
The method of estimating the number of Heavy Vehicle Axle Groups (HVAGs) has been 
described in the Guide. Although the PCA method was developed based on Single Axle Dual 
Tyre (SADT), Tandem Axle Dual Tyre (TADT) and Triple Axle Dual Tyre (TRDT), the Guide 
extended the method to be used for different axle group types including Single Axle Single Tyre 
(SAST), SADT, Tandem Axle Single Tyre (TAST), TADT, TRDT and Quad Axle Dual Tyre 
(QADT) (Fig. 1). 
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Figure 1: Axle group types (Austroads, 2004a) 
CBR is the only subgrade information used in the design procedure and represents the 
subgrade resistance to applied load. Subgrade CBR values are affected by topography, soil 
type, and drainage conditions.  The Guide provides a number of methods to estimate the field 
CBR values under various conditions. 
Five types of subbase including 125 mm bound, 150 mm bound, 170 mm bound, 125 mm Lean-
Mix Concrete (LMC), and 150 mm LMC have been recommended in the Guide. The choice of 
subbase depends upon the value of design traffic. It should be noted that 150 mm LMC is the 
only choice for those projects where design traffic is greater than 1×107 HVAGs. Effective 
subgrade strength has been defined in the Guide to consider the effect of subbase layer on rigid 
pavement behaviour. The Guide provides the recommended values of effective subgrade 
strength for design based on subgrade CBR values and subbase types. 
Variations of drainage condition, traffic loads, material properties, and construction process 
require the Guide to define a range of PDR values between 80 per cent and 97.5 per cent 
depending on road classification. Although PDR is not directly used in the design procedure, it 
defines the value of Load Safety Factor (LSF) which is directly used in the procedure and varies 
between 1.05 and 1.35 depending on concrete base types. 
Concrete base usually transfers the applied vehicular loads to the subbase and subgrade layers 
by bending action. Consequently, cracks are the most common distress in rigid pavements and 
are often generated in the top or bottom surface layer of concrete base and then propagate due 
to fatigue flexural failures and/or erosion of subbase and subgrade materials. Hence, concrete 
flexural strength has been taken into account in the design. The Guide suggests a typical 
relationship for converting 28-day compressive strength to 28-day flexural strength for concrete 
with crushed aggregate. The minimum concrete flexural strength at 28-day has been restricted 
to 4.5 MPa when the value of design traffic exceeds 1×106 HVAGs. 
Design traffic is also employed to estimate the expected load repetitions for a given axle group 
by using a typical traffic load spectra (axle load distribution) during the pavement’s life. 
Presumptive traffic load distributions for urban and rural roads are provided in the Guide, which 
can be employed if a specific traffic load spectra is not available. Effects of dowels and 
shoulders provision on base thickness have been considered through the use of design 
coefficients for different axle group types for both fatigue and erosion analyses.  
Compared to its predecessor (Austroads, 1992), the Guide is more readily adapted to 
computerised design environments. The axle load and axle load spectra have been revised and 
design nomographs have been converted into closed-form equations. The 2004 Guide thus 
allows a software development for design procedure while its predecessor can only allow 
design calculation to be done in a spreadsheet (Vorobieff, 1996). 
This paper presents a critical review of Austroads rigid pavement design guide and investigates 
the effects of varying design input parameters on concrete base thickness. Effects of axle group 
configurations on the pavement response are described. Both fully bonded and unbonded 
boundary conditions between concrete base and subbase are considered to determine the 
effects of environmental forces. Finally, critical positions of different axle groups are discussed 
and the effects of boundary conditions between concrete base and subbase, thermal curling, 
and moisture warping on it are addressed.  
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LIMITATIONS OF THE NEW GUIDE 
In spite of the use of complex interrelationships between the aforementioned design 
parameters, the method still has a number of restrictions:  
• Since the Guide in Section 9.2.1 provides maximum joint spacings in different rigid 
pavements, the method is not able to analyse longer joint spacings. 
• The load transfer across the shoulder-lane joint (see Roesler et al., 2000) is ignored in the 
PCA method. 
• The PCA method was developed based on this assumption that only 6 per cent of the traffic 
passes along the edge area (at a transverse distance of 600 mm from the longitudinal joints 
or edges) of the traffic lane (Packard and Tayabji, 1985). However, the work of Lennie and 
Bunker (2005) and Bunker and Parajuli (2006) showed that in Queensland the volume of 
the traffic passing along the edge area is much higher than the above mentioned 
assumption. 
• Vehicular loads have been considered as static loads although they have a dynamic nature. 
Recent research on this matter carried out by the authors of the current paper (Darestani et 
al., 2006) indicates the significance of dynamic loads on concrete pavement deterioration. 
In addition, the Guide does not consider the effects of varying tyre pressure, tyre-pavement 
contact area and axle spacing in tandem, triple and quad axle groups. Results of research 
conducted in the past, however, show the significant effects of axle group configuration on rigid 
pavement response. While the Guide has used the concept of load equivalency to take TAST 
and QADT into consideration (Vorobieff, 2001), the deterioration of concrete pavements would 
be affected by the actual axle group configuration. Hence, in agreement with Guclu and Ceylan 
(2005), there is a need for further study on critical axle group configuration. 
Tyre inflation pressure affects tyre-pavement contact area and stress. Tyre inflation pressure in 
heavy vehicles varies between 500 kPa and 1000 kPa (Austroads, 2004), but a tyre pressure of 
750 kPa is currently recommended for structural design of road pavements. It is noteworthy that 
Okomato and Packard (1989) investigated the effect of tyre pressure on pavement responses 
by installing strain gauges at the midway of longitudinal joints and deformation transducers at 
the corners of the concrete base. Their results showed that tyre pressure has no strong effect 
on the base deflection at the corner of the concrete base and on the induced tensile stress at 
the midway of longitudinal joints. Gillespie et al. (1992) showed that tyre-pavement contact 
stress is not uniformly distributed and its contact shape is not rectangular, but a change in the 
distribution of tyre-pavement contact stress associated with the use of rectangular tyre contact 
area did not significantly change the pavement responses.  
Rectangular tyre imprints with various dimensions have been used in the past. Information on 
tyre imprint, axle width (AW), distance between centres of dual tyres (DCDT) and distance 
between axles in a given axle group (DBA) is summarised in Table 1. 
Table 1: Variations of tyre imprint, AW, DCDT and DBA 
Tyre imprint 
Sources 
Width† Length 
AW    
(mm) 
DCDT 
(mm) 
DBA      (mm) 
Packard and Tayabji (1985) 178 254 1829 305 1220 to 1372 
Kim et al. (2002) 203 178 1880 330 1320 
Austroads (2004) ------- ------- 1800 330 -------- 
Road and Traffic Authority 
(RTA) of NSW (1998) ------- -------- ------- -------- 1000 to 1633 
† Width is perpendicular to longitudinal direction of the pavement 
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Similar to the PCA method, the Guide provides two critical axle group positions based on 
different damage scenarios for typical road configurations. In terms of erosion damage, the 
critical position of axle groups upon pavement is at the corner of the loaded slab. The critical 
position of axle groups for fatigue damage on the other hand, has been considered at the 
midway of longitudinal joint between transverse joints though many jointed concrete pavements 
suffered from corner and longitudinal cracking (Heath et al., 2003). 
Liang and Niu (1998) showed that effects of daytime and night-time differential temperature 
gradients and concrete base moisture content variations on pavement responses are significant 
so that truck load fatigue damage for a 1 ºF/in (0.022 °C/mm) differential temperature gradient 
can be 10 times higher than that for a zero differential temperature gradient  (Siddique et al., 
2005).  Hiller and Roesler (2002) indicated that the critical locations of axle groups upon 
pavement are affected by the variation in differential temperature gradients and loss of moisture 
contents in the concrete base depth.  
The Guide in the Chapter 4 clearly mentioned that the temperature effect needs to be 
considered during design. However, the effects of environmental forces on concrete base 
thickness have not been exclusively shown, although some recommendations are given. Note 
that the minimum base thickness provided in the Section 9.4.3 of the Guide is to account the 
environmental factors such as curling and warping of the concrete base.  
The Austroads method is based on an assumption that the concrete base can freely curl 
(Austroads, 2004a) during daytime or nighttime temperature gradients. This suggests a fully 
unbonded boundary condition (coefficient of friction, µ, is zero) between concrete base and 
subbase. Nevertheless, some typical µ values have been provided by the Guide for partially 
bonded boundary conditions between the concrete base and subbase. It is interesting to note 
that some bonding usually exists regardless the use of interface treatments and unbonded 
conditions could only be achieved by using a double layer of polyethylene sheets (Tarr et al., 
1999). In contrast, Yu et al. (1998) stated that friction between concrete base and subbase is 
sufficient to produce bonded behaviour even if polyethylene sheets are placed between them.  
METHODOLOGY 
As mentioned earlier, this paper presents a study on the rigid pavement design procedure of 
Austroads (2004).  In the study, the Austroads design procedure has been implemented in a 
Windows-based computer program (named ANRPD-2004) using Visual Basic. The program 
graphs the variation of base thickness versus design traffic or alternatively, the required 
concrete compressive strength for different operating conditions.  These operating conditions 
include pavement types, subgrade CBR, subbase types, PDR, concrete flexural strength and 
provision of dowels and shoulders. Results of ANRPD-2004 program has been verified via the 
example provided in Appendix 9.1, the PCP example design charts provided in Figure 9.2, and 
the dowelled jointed or CRCP example design charts provided in Figure 9.3 of Austroads 
(2004). 
In addition to ANRPD-2004 that has been used for sensitivity analysis of the Guide, EverFE2.23 
finite element program for JPCP (Davids et al, 2003) has been used to parametrically study the 
effects of a change in vehicular load configurations on rigid pavement responses and to 
determine the environmental effects on pavement responses and the critical position of axle 
groups upon pavement. Several finite element models including different pavement 
configurations and diverse boundary conditions between concrete base and subbase have been 
developed using EverFE2.23. However, only two of these finite element models, which produce 
significant research outcomes, will be presented in the following sections. 
Single concrete slab panel 
To parametrically study effect of a change in axle group configurations on pavement responses 
and avoid unnecessary complexity in the model, a single concrete slab was modelled. While 
investigating the effects of axle group configuration on the pavement response the following 
parameters were kept unchanged: 
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Concrete base: 4600 x 3600 x 250 mm with E = 28000 MPa and υ = 0.2; Cement stabilised 
subbase: 150 mm thick with E = 5000 MPa and υ = 0.2; Modulus of subgrade reaction (k) = 
0.03 MPa/mm (CBR ≈ 3.5); Tyre pressure = 750 kPa (except when tyre pressure effect was 
investigated). 
A rectangular tyre-pavement contact shape with uniform stress distribution was considered 
based on the results of Gillespie et al. (1992). Since critical axle group configurations are 
independent of boundary condition between concrete base and subbase, a fully bonded 
boundary condition was considered in this study. Note that consideration of unbonded boundary 
condition only results in higher vehicular induced stresses and deflections. In other words, this 
assumption (the use of bonded boundary condition) does not significantly change the critical 
dimensions of axle group configurations but, it results in a decrease in the analysis time. No 
further boundary condition was applied on the pavement. 
Full concrete pavement 
To investigate the environmental effects and to determine the critical position of axle groups, a 
JPCP was modelled over a dense liquid foundation with a modulus of subgrade reaction of 0.03 
MPa/mm (CBR≈3.5). The model consisted of 3 slab panels in the transverse direction and 3 
slab panels in the longitudinal direction (3 x 3 panels) with 250 mm thickness. The subbase was 
a 150 mm cement stabilised layer. Transverse joints were dowelled by eleven evenly spaced 
cylindrical bars of 32 mm diameter, 450 mm length and 1000 MPa dowel-slab support modulus. 
Tie bars of 13 mm diameter and 1000 mm length spaced at 1000 mm centre to centre were 
considered at longitudinal joints. Fully bonded and unbonded boundary conditions were 
considered to examine whether fully unbonded boundary condition can minimise pavement 
damage when different environmental conditions are taken into account.  The results of the 
current study can be extended for a traffic lane confined by shoulder as this study is based on 
the induced tensile stresses in the centre concrete base panel. 
SAST, SADT, TAST, TADT, TRDT, and QADT (Fig. 1) with an average axle group load of 53 
kN, 80 kN, 90 kN, 135 kN, 181 kN and 221 kN, respectively, were applied at the centre, middle 
of the longitudinal edge and corner of the centre concrete base panel. Tyre inflation pressure 
and width/length ratio of tyre imprint (α) were 750 kPa and 0.7, respectively. Axle width and 
distance between dual tyres were considered to be respectively 1800 and 300 mm. A distance 
of 1250 mm between axles in a given axle group, as assumed by Packard and Tayabji (1985) 
was chosen in the present study. 
With regards to the effects of environmental forces, ambient temperature, wind speed and 
duration of solar radiation are commonly used to predict the temperature gradients in concrete 
base depth. Differential temperature gradients in depth of concrete base range between 0.087 
to 0.109 ˚C/mm in the day-time and 0.044 to 0.065 ˚C/mm in the night-time (Byrum and Hansen,   
1994). Traditional methods of analysis are based on a linear temperature distribution in 
pavement depth. However, Choubane and Tia (1995) showed that temperature distribution in 
pavement depth is nonlinear. Results of Health and Roesler (1999) indicated that nonlinear 
temperature distribution through the depth of concrete base results in tensile stress that is lower 
than that of linear temperature distribution when rigid pavements are subjected to positive 
temperature gradients (day-time) and produces tensile stress that is greater than that of linear 
temperature distribution when rigid pavements are subjected to negative temperature gradients 
(night-time). 
Moisture gradient depends on the ratio of pavement area to its depth, wind speed, ambient 
temperature and solar radiation. Moisture gradients results in upward warping which is similar to 
night-time differential temperature. Hence, it can be considered as negative temperature in rigid 
pavement analysis. An equivalent night-time temperature gradients of 0.065 to 0.13 ˚C/mm of 
concrete base thickness has been suggested by Reddy et al. (1963) to represent the effects of 
moisture gradients on concrete pavement response. Since high temperature gradients (more 
than 25˚ C) would result in severe damage of unreinforced concrete base with a normal 
thickness, linear differential temperature gradients of -25˚ C (night-time temperature) to 25˚ C 
(day-time temperature) were therefore considered between the top and bottom surface layers of 
concrete base. Concrete coefficient of thermal expansion was assumed to be 1×10-5. Tensile 
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stresses due to vehicular loads and those caused by environmental forces were then 
superimposed to determine the critical location of pavement for crack initiation as well as critical 
position of axle groups upon pavements.  
RESULTS AND DISCUSSION  
Sensitivity analysis of Austroads design guide based on 
ANRPD-2004 
The most significant outcomes of the sensitivity analysis can be summarised as follows: 
Effect of concrete strength on damage mode: 
It has been well documented that materials with higher strength may be more sensitive to 
fatigue damage than those with lower strength at their maximum applicable tensile stress values 
(Croney and Croney, 1998). On the other hand, deflection of structures depends upon the 
modulus of elasticity so that an increase in modulus of elasticity decreases the deflections. The 
modulus of elasticity of concrete is related to the compressive strength and density. Hence, with 
an increase in concrete compressive strength, the modulus of elasticity increases and 
consequently the deflection under a certain load will decrease. As a result, one can say that an 
increase in concrete compressive strength may decrease the possibility of erosion damage (due 
to lower deflection) but increase the possibility of fatigue damage in rigid pavements. Note that 
the interaction between base and subbase and between subbase and subgrade would have no 
significant effect in the above mentioned postulation. Hence, if the properties and thicknesses of 
subbase and subgrade are kept constant, the concrete base having a greater compressive 
stress is more sensitive to repeated load than that having lower compressive strength, e.g. the 
fatigue life of 40 MPa concrete is much lower than that of 30 MPa concrete at the same ratio of 
applied stress to failure stress (Croney and Croney, 1998).   
Using the program ANRPD-2004, a doweled JRCP without shoulder was subjected to an urban 
axle load spectra. The subgrade CBR and PDR were considered to be 5% and 97.5%, 
respectively. Design traffic was considered to be between 0 and 1×108 HVAGs. Figures 2 and 
3 show results of calculated base thickness obtained from fatigue and erosion analyses for 
concrete compressive strengths of 36 MPa and 80 MPa, respectively. It is interesting to see that 
these figures seem to suggest that an increase in concrete compressive strength decreases the 
possibility of fatigue damage and consequently erosion analysis results in a thicker concrete 
base than the fatigue analysis when concrete compressive strength increases. 
22nd ARRB Conference – Research into Practice, Canberra Australia, 2006 
© ARRB Group Ltd and Authors 2006  7 
 
Figure 2: Variation of base thickness with design traffic for dowelled JRCP with concrete 
compressive strength of 36 MPa (design traffic = 1×108 HVAGs, subgrade CBR = 5%) 
Similar results can be observed when other types of the concrete base in the absence of shoulder 
were studied. Note however, that the provision of shoulder results in comparable base thickness 
for fatigue and erosion damage analyses.  
Further investigation on this matter reveals that the benefits offered by increasing concrete 
compressive strength ceases at a certain maximum concrete compressive strength value. In 
addition, it appears that the benefits of using concrete of high compressive strength are 
dependent upon the availability of dowels and shoulders, design traffic, and PDR values. Table 2 
shows the critical design traffic in fatigue analysis based on availability of dowel and shoulder for 
different concrete compressive strengths. Note that this table is an example of the above 
mentioned finding and has been presented for a JRCP with maximum design traffic 1×108 
HVAGs, subgrade CBR 3% and urban axle groups load distribution. The use of other concrete 
base types may result in different outcomes. Design traffic of less than or equal to those values 
provided in this table results in thicker base in fatigue analysis than erosion analysis.  
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Figure 3: Variation of base thickness with design traffic for dowelled JRCP with concrete 
compressive strength of 80 MPa (design traffic = 1×108 HVAGs, subgrade CBR = 5%) 
These above outcomes are perhaps less surprising when the fatigue and erosion damage 
formulas of the Guide are examined. Undoubtedly, concrete flexural strength has no effect on 
base thickness resulting from erosion analysis (see Equations 9.4 and 9.5 of the Guide) 
whereas it has an inverse relationship with base thickness from fatigue analysis (see the 
equation for calculating stress ratio, Sr, in Section 9.4.2.1 of the Guide). The latter equation 
indicates that an increase in concrete flexural strength decreases the stress ratio (Sr).  
Table 2: Maximum design traffic (HVAGs × 106) that results in thicker JRCP in fatigue 
analysis than erosion analysis 
Concrete Compressive Strength (MPa) Availability of Dowel and 
Shoulder 
30 40 50 60 70 80 90 100 
With Dowel and with Shoulder 100 100 100 100 100 60 13 5 
Just Dowel 100 100 52 21 10 7 4 3 
Just Shoulder 100 31 7 3 1.2 0.8 0.4 0.4 
No dowel and no shoulder 39 12 5 3 1.2 1 0.5 0.5 
The stress ratio has a direct relationship with equivalent stress which depends on availability of 
shoulder, effective subgrade CBR (Ef), and base thickness. Availability of shoulder or an 
increase in base thickness decreases the equivalent stress whereas an increase in the Ef 
increases the value of equivalent stress. The allowable load repetition in fatigue analysis (Nf) 
depends on the stress ratio so that a decrease in the value of Sr toward 0.45 will lead to Nf 
becoming infinite. It means that the range of concrete flexural strength variation, which can 
affect the base thickness, strongly depends on the convergence of the value of Sr toward 0.45 
which is affected by the amount of effective subgrade CBR, assumed base thickness, and the 
availability of shoulder. An increase in equivalent stress (Se) therefore may suggest the need for 
using concrete with higher compressive strength.  
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Effects of subbase layer on base thickness:  
Base thickness is influenced by the subbase or subgrade strength. As mentioned earlier, 150 
mm LMC is the only choice for those projects with design traffic greater than 1×107 HVAGs. 
Investigation of effects of different subbase types on base thickness for different design traffic 
values indicates that the use of 125 mm LMC always results in a thinner base compared with 
the use of 150 mm bound or 170 mm bound. Furthermore, the use of Austroads (2004) design 
method via ANRPD-2005 results in two discontinuities which can be clearly observed at design 
traffic equal to 1, and 10 million HVAGs. Figure 4 shows an example of this phenomenon for a 
JRCP subjected to urban axle group load spectra in the absence of both dowel and shoulder. A 
range of design traffic between zero to 12×106 HVAGs were considered to effectively visualize 
the aforementioned phenomenon. Subgrade CBR were assumed to be 5%. It should be noted 
that these discontinuities are always noticeable except when the subgrade CBR is less than 2. 
 
Figure 4: Variation of base thickness with design traffic for different subbase types  
Effect of subgrade CBR on base thickness: 
As mentioned earlier, subgrade CBR is not directly used in the Austroads method. However, it 
can be used for estimating the effective subgrade CBR using Figure 9.1 of Austroads (2004). In 
this figure, with subgrade CBR values ranging from 2 to 15 per cent, the effective subgrade 
CBR varies between 5 per cent (when subgrade CBR is less than 2 per cent) and 75 per cent, 
depending on subbase type. 
Results of the current study indicates that subgrade CBR of more than 5 per cent has no effect 
on base thickness in those projects where the amount of design traffic is more than 1×107 
HVAGs. This outcome is perhaps less surprising when the design procedure of the Guide is 
examined. The only subbase choice when design traffic is greater than 1×107 HVAGs (see 
Table 9.1of the Guide) is 150 mm LMC. The use of 150 mm LMC subbase restricts the effective 
subgrade strength to a maximum of 75% for subgrade CBR of 5% or more (see Figure 9.1 of 
the Guide). In other words, the use of subgrade CBR more than 5 per cent results in the same 
value of effective subgrade CBR which equals to its maximum permitted value (75 per cent). 
Hence, while Figure 9.1 of Austroads is employed in the base thickness design procedure, a 
subgrade CBR of more than 5 per cent has no effect on base thickness when the design traffic 
is more than 1×107 HVAGs.  
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Damage process: 
Results of the current study indicate that the variation of base thickness with design traffic for 
fatigue and erosion damage is complex and depends on the provision of dowel and shoulder, 
concrete flexural strength, and subgrade CBR. Hence, specifying the damage process as being 
either fatigue related or erosion related is not as simple as demonstrated in Figure 19 (for 
JPCP) of Clause 6.5 Austroads (2004a). Since the Austroads method does not differentiate 
concrete base types in calculating the base thickness, the following observations may be noted 
for all concrete base types: 
• Fatigue is critical for any subgrade CBR value when dowel and shoulder are used and the 
concrete compressive strength is ≤ 75 MPa. 
• Fatigue is critical for any subgrade CBR value in the absence of shoulder for dowelled 
pavements with concrete compressive strength is ≤ 40 MPa. 
• Erosion is critical for any subgrade CBR value in the absence of dowel when shoulder is 
used and the concrete compressive strength is ≥ 50 MPa. 
• Erosion is critical for any subgrade CBR value in the absence of both dowel and shoulder 
when the concrete compressive strength is ≥ 45 MPa. 
Sensitivity of the fatigue and erosion analyses to a change in base 
thickness: 
The fatigue and erosion damage procedures for a given axle load provided in Austroads Guide 
(2004) are very sensitive to a small change in base thickness. The sensitivity is reduced when 
the full load spectra (i.e. all axle group types) are considered. Table 3 presents an example of 
this typical sensitivity analysis for fatigue damage in a JRCP subjected to SADT with 80 KN axle 
load. Calculations are based on a design traffic of 50 million HVAGs, urban axle load 
distribution, L.S.F = 1.25, effective subgrade CBR 40%, and concrete flexural strength 4.5 MPa. 
Table 3: Effect of base thickness variation on fatigue damage in a JRCP with shoulder  
Thickness 
(mm) 
Se 
(Million) Sr 
Allowable 
repetition (Million) 
No of 
repetition 
(Million) 
Fatigue 
damage (%) Result 
160.5 1.656 0.4804 2.34 2.31 98.6 OK 
160.4 1.658 0.4808 2.28 2.31 101.2 Damaged 
 
Determination of the critical axle group configurations using 
EverFE2.23 
Effect of axle width and distance between centres of dual tyres:  
As results of the study conducted by the authors show that axle width and distance between 
centres of dual tyres have no significant effect on pavement responses, other parameters of 
axle group configuration will be presented in this paper. Note that the following results are 
based on analysis of a JPCP. 
Effect of tyre inflation pressure: 
A 53 kN SAST was positioned at the centre, midway of the longitudinal edge, and corner of the 
concrete base to determine the effect of tyre pressure on pavement response. Tyre inflation 
pressures between 500 kPa to 1400 kPa were considered.  
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Results show that tyre inflation pressure has no significant effect on the base deflection. 
Furthermore, induced tensile stresses when load is positioned at the centre of the concrete 
base or at the middle of longitudinal edge of the pavement are not significantly affected by tyre 
pressure. These results are similar to those presented by Okomato and Packard (1989). 
However, an increase in tyre inflation pressure produces greater concrete tensile stress when 
the load is applied at the corner of the pavement. Figure 5 shows variations of maximum tensile 
stress of the pavement versus different tyre inflation pressures.  
It should be noted that since only a single concrete base panel was considered in this instance, 
it cannot be ascertained if the above observations are valid when a number of interconnected 
concrete base panels are considered. In the light of the evidence presented by Okomato and 
Packard (1989) which indicated that tyre pressure has no significant effect on pavement 
responses, it can only be deduced that when an effective load transfer between two adjacent 
panels is available through the use of dowels, the effect of tyre inflation pressure may be 
minimal.   
 
 
 
 
 
 
 
 
Figure 5: Effect of tyre inflation pressure on maximum tensile stress 
Effect of width to length ratio (α) of tyre imprint on pavement responses: 
A 53 kN SAST and an 80 kN SADT were considered separately as vehicular axle loads along 
the longitudinal edge of the pavement. The SADT was used to find the effect of adjacent wheel 
loads on pavement response due to a change in tyre imprint dimensions. In accordance with 
Austroads (2004), the distance between the centres of dual wheels and the axle width were 
assumed to be 330 mm and 1800 mm, respectively. In the past, width to length ratio (α) values 
ranging from 0.7 to 1.14 have been used. Hence, α values from 0.6 to 1.2 were selected in the 
current research to study the effects of tyre imprint dimensions. Super single tyre is not 
considered in this study as it is used by a very small percentage of heavy vehicles in Australia 
(Vorobieff, 2001). 
Results of the current study indicate that lowering α results in higher tensile stress and 
deflection. Hence, the contact area used by Packard and Tayabji (1985) as shown in Table 1 
will always produce greater values of both tensile stress and deflection in pavement than those 
of Kim et al. (2002).  
Effect of distance between axles in a given axle groups:  
Different types of axle groups including TAST, TADT, and TRDT based on Austroads (2004) 
were used to investigate effects of a change in distance between axles in a given axle group on 
rigid pavement response. The axle width and distance between dual tyres are considered to be 
1800 mm and 300 mm, respectively. Each axle load was individually placed at the centre of the 
longitudinal edge of the pavement. The axle spacing was varied between 1000 mm to 1600 
mm.  
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Results of the current study show that pavement responses were significantly dependent on the 
axle spacing. An increase in axle spacing linearly decreases the base deflection and nonlinearly 
changes the value of tensile stress. Figure 6 shows variation of induced tensile stress in 
pavement due to a change in axle spacing. With regards to base deflection, shorter axle 
spacing would result in greater value of erosion of subbase and subgrade materials.  
An increase in axle spacing of TRDT may result in a significant decrease in the tensile stress. 
Similar trend is observed in TAST and TADT up to a spacing of 1200 mm, thereafter tensile 
stress remains relatively unaffected. While axle spacing in a given axle group may legally vary 
between 1000 mm and 1600 mm (RTA, 1998), results of current research indicate that with a 
distance of 1220 mm to 1372 mm (similar to those used by researchers all over the world) lower 
values of tensile stress will be produced. Moreover, the results indicate that a distance between 
1050 and 1150 mm with an average of 1100 mm for all axle groups should be used for rigid 
pavement analysis. In addition, a distance between 1350 and 1450 mm with an average of 1400 
mm cab be considered for TAST and TADT. A low value (1100 mm), however, will result in 
higher tensile stress and base deflection.  
 
 
 
 
 
 
 
Figure 6: Effect of axle spacing on maximum tensile stress 
Critical position of vehicular loads 
This particular study was intended to find out whether a certain boundary condition can 
minimise pavement damage when different environmental conditions are taken into account. It 
was found that the critical position of axle groups upon pavements depends on axle group loads 
and configurations, boundary conditions between concrete base and subbase (bonded, 
unbonded, partially bonded) and environmental loads including temperature and moisture 
gradients along the depth of the concrete base.  
Effect of thermal curling: 
Results of the current study indicate that the thermal tensile stress is at maximum along the 
longitudinal centreline of each traffic lane and decreases toward edges of traffic lane. Results 
(Fig. 7) also show that the maximum tensile stress in pavement changes proportionally with 
temperature gradients when a fully bonded condition is assumed between base and subbase.  
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Figure 7: Maximum thermal tensile stress in a JPCP for fully bonded and unbonded 
boundary conditions 
 
Figures 8 shows the thermal stress influence lines along the longitudinal centreline of concrete 
base panels (for top and bottom surface layers) for fully bonded boundary conditions.  Figure 9 
presents similar results for fully unbonded conditions. In these figures, day time and night time 
represents day time temperature gradient and night time temperature gradient, respectively. 
The number after day time or night time indicates the absolute temperature difference between 
the top and bottom surface layers of the concrete base. For instance, day time 10 indicates a 
differential temperature between top and bottom surface layer of 10 ˚C. 
For the base dimensions selected, the critical location of thermal stress is at distance of about 
400 mm from the transverse joints. Since this distance is a function of pavement length, varying 
the length by ± 2 metres may shift the location by ± 50 mm. This finding explains the reason 
behind the formation of transverse cracks commonly found near transverse joints. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Thermal stress influence lines for fully bonded boundary condition 
In both fully bonded and unbonded boundary conditions, night-time temperature gradients 
creates greater tensile stresses at top surface layer and day-time temperature gradients 
produces greater tensile stresses at bottom surface layer of the base. It is obvious that under 
high differential temperature gradients the base will crack. Hence, while Austroads (2004) only 
concerns with the minimum concrete flexural strength for the design traffic, the present authors 
suggest that the minimum flexural strength of the concrete be determined by combining the 
effects of the worse possible temperature gradient with those of vehicular loads. A very 
important finding is that the benefits offered by unbonded boundary condition between concrete 
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base and subbase ceases at a certain value of differential temperature gradient (see Figure 7). 
This dictates that the type of boundary condition between concrete base and subbase (bonded, 
unbonded or partially bonded) shall be selected based on the critical differential temperature of 
the construction site during the pavement life. 
 
Figure 9: Thermal stress influence lines for fully unbonded boundary 
Effect of Vehicular loads 
Results of the current study demonstrate that the critical location of axle groups for fatigue 
analysis (Packard and Tayabji, 1985) is acceptable for fully unbonded conditions in the absence 
of temperature gradients. For a pavement with fully bonded conditions, however, the location of 
critical tensile stresses is close to the corner of the slab for all axle groups, except for SADT 
(Fig. 10). Hence, only for SADT, loading at mid-edge location will produce the highest tensile 
stress in agreement with Packard and Tayabji (1985). It should be noted that the differences in 
the stresses for loads positioned at the mid-edge and the corner of loaded slab may vary from 
4.8% to 35% depending on axle group type. The use of partially bonded boundary conditions 
between concrete base and subbase produces tensile stress values between the 
aforementioned results, which will approach those for bonded boundary condition when higher 
frictional force between concrete base and subbase is assumed. 
Combined effects of temperature and vehicular loads  
The analyses carried out so far generally suggested that combining the thermal tensile stresses 
with those from vehicular loading for both bonded and unbonded bases will result in critical 
locations at the corner or close to the corner of the pavement depending on the type of 
temperature gradients (daytime or nighttime). Corner failure is indeed one of the most common 
failure types in concrete pavements.   
 
Figure 10: Tensile stresses due to vehicular loads for fully bonded and unbonded 
boundary conditions 
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CONCLUSION 
A sensitivity analysis based on Austroads (2004) methods was carried out and a number of 
significant outcomes were described. Critical axle group configurations for different axle group 
types were presented based on a sensitivity analysis of a JPCP response to the axle group 
parameters. The effects of day-time and night-time temperature gradients on pavement 
response were determined and their effects on critical position of axle groups upon pavement 
were explained. The results of the current study can summarised as follows: 
• In contrast with what commonly accepted as the fundamental concrete characteristics, 
calculations performed using the 2004 Guide seemed to suggest that an increase in 
concrete compressive strength decreases the possibility of fatigue damage and 
consequently erosion analysis results in a thicker base thickness.  
• Increasing the Subgrade CBR above 5 per cent has no effect on base thickness in those 
projects where the amount of design traffic is more than 1×107 HVAGs. 
•  The variation of base thickness with design traffic for fatigue and erosion damage is 
complex and depends on the provision of dowel and shoulder as well as the adopted 
concrete flexural strength and subgrade CBR values. 
• Axle spacing has a significant influence on pavement responses. 
• The minimum flexural strength of the concrete should be selected based on a combination 
of the effects of the worse possible temperature gradients and those of vehicular loads. 
• The application of load at the middle of the edge as described by Packard and Tayabji 
(1985) is only appropriate for evaluating fatigue failure for pavements with fully unbonded 
conditions in the absence of temperature gradients. Consideration of temperature gradients 
changes the critical position of axle groups toward the corner of the slab for most axle group 
types. 
• The benefits offered by an unbonded boundary condition between the concrete base and 
subbase ceases at a certain value of differential temperature gradients.  
• The most critical location for estimating maximum tensile stress in a fully bonded pavement 
is close to the corner of the slab. 
REFERENCES 
Austroads, 2004, ‘Austroads Pavement Design Guide’, Austroads Inc., Sydney, Australia 
Austroads, 2004a, ‘Technical Basis of Austroads Pavement Design Guide’, Austroads Inc., 
Sydney, Australia 
Austroads, 1992, ‘Austroads Pavement Design Guide’, Austroads Inc., Sydney, Australia 
Bunker J. and Parajuli A., 2006, ‘Examining Lateral Positions of Cars and Heavy Vehicles on a 
Two Lane, Two Way Motorway’, Journal of Transport Engineering in Australia, Vol 10, No 2, p. 
1-11  
Byrum C. R., Hansen W., 1994, ‘Influence Function Approach to Analysis of Jointed Portland 
Cement Concrete Pavement’, Transportation Research Record 1449, TRB, Washington, p. 148-
158  
Choubane B., Tia M., 1995, ‘Analysis and Verification of Thermal-Gradient Effects on Concrete 
Pavement’, Journal of Transportation Engineering, ASCE, Vol. 121, No.1, p. 75-81 
Croney M. D. and Croney P., 1998, ‘Design and Performance of Road Pavements’, 3rd Edition, 
McGraw-Hill, New York 
Darestani M. Y., Thambiratnam A. P., Baweja D., and Nataatmadja A., 2006, ‘Dynamic 
Response of Rigid Concrete Pavements under Vehicular Loads’, To be published in the Proc. 
IABSE Symposium on Responding to Tomorrow’s Challenges in Structural Engineering, 
Budapest, Hungary. 
22nd ARRB Conference – Research into Practice, Canberra Australia, 2006 
© ARRB Group Ltd and Authors 2006  16 
Davids W. G., Wang Z., Turkiyyah G., Mahoney J. P., and Bush D., 2003, ‘3D Finite Analysis of 
Jointed Plain Concrete Pavement with EverFE2.3’, Transportation Research Record, TRB 2003 
Annual Meeting CD-ROM 1121  
Douglas R. A., Woodward W. D. H., and Woodside A. R., 2000, ‘Road Contact Stresses and 
Forces under Tires with low Inflation Pressure’, Canadian Journal of Civil Engineering, Vol. 27,  
p. 1248-1258 
Gillespie T. D., Karamlhas S. M., Cebon D., Sayers M. W., Nasim M. A., Hansen W., and Ehsan 
N., 1992, ‘Effects of Heavy Vehicle Characteristics on Pavement Response and Performance’, 
Final Report, Prepared for National Cooperative Highway Research Program- Transportation 
Research Board-National Research Council, University of Michigan Transportation Research 
Institute, Michigan, USA 
Guclu A., Ceylan H., 2005, ‘Sensitivity Analysis of Rigid Pavement System Using Mechanistic-
Empirical Pavement Design Guide’, Proceeding of the 2005 Mid-Continent Transportation 
Research Symposium, Ames, Iowa, USA  
Health A. C. and Roesler J. R., 1999, ‘Shrinkage and Thermal Cracking of Fast Setting 
Hydraulic Cement Concrete Pavements in Palmdale, California’, Preliminary Report Prepared 
for California Department of Transportation 
Hiller E. J. and Roesler J. R., 2002, ‘Transverse Joint Analysis for Mechanistic-Empirical Design 
of Rigid Pavements’, Transportation Research Record, 1809, p. 42-51 
Kim S. M., Won M. C., and McCullough F., 2002, ’Dynamic Stress Response to Moving 
Tandem-Axle Loads’, Transportation  Research Record, No. 1809, Transportation Research 
Board, Washington D. C., USA, p. 32-41 
Lee Y. H. and Carpenter S. H., 2001, ‘PCAWIN Program for Jointed Concrete Pavement 
Design’, Tamkang Journal of Science and Engineering, Vol. 4, No. 4, p. 293-300  
Lennie S. and Bunker J., 2005, ‘Using lateral position information as a measure of driver 
behaviour around MCVs’, Road & Transportation Research, Vol. 14, No 3, p. 62-76 
Liang R. Y. and Niu Y. Z., 1998, ‘Temperature and Curling stress in Concrete Pavements: 
Analytical Solutions’ , Journal of Transportation Engineering, ASCE, Vol. 124, No. 1, p. 91-100 
Okamoto P. A., Packard R. G., 1989, ‘Effect of High Tire Pressure on Pavement Performance’, 
Proceedings of the 4th International Conference on Concrete Pavement Design and 
Rehabilitation, Purdue University, USA, p. 61-74 
Packard R. G. and Tayabji S. D., 1985, ‘New PCA Thickness Design Procedure for Concrete 
Highway and Street Pavements’, Concrete Pavement & Rehabilitation Conference, Purdue, 
USA 
Reddy A., Leonards G. A., Harr M. E., 1963, ‘Warping stresses and deflections in concrete 
pavements’, Part III, Highway Research record 44, HRB, National Research Council, 
Washington D.C., USA 
Road and Traffic Authority, 1998, ‘Vehicle Dimension Limits’, Booklet No. 5, Vehicle standards, 
Driver and Vehicle Policy Branch, Roads & Traffic Authority of New South Wales, Australia 
Roesler J. R., Harvey J. T., Farvar J., Long F., 2000, ‘Investigation of Design and Construction 
Issues for Long Life Concrete Pavement Strategies’, Report Prepared for California Department 
of Transportation, Pavement Research Centre, Institute of Transportation Studies, University of 
California at Berkeley 
Siddique Z. Q., Hossain M., and Meggers D., 2005, “Temperature and Curling Measurement of 
Concrete Pavement’, Proceeding of the 2005 Mid-Continental Transportation Research 
Symposium, Ames, Iowa, August 2005, Iowa State University, USA, p. 1-12  
Tarr S.M, Okamoto, P.A., Sheehan M.J. and Packard R.G., 1999,’Bond Interaction Between 
Concrete Pavement and Lean Concrete Base’, Transportation Research Records, 1668, TRB, 
Washington, p. 9-17 
Vorobieff G., 1996, ‘Rigid Pavement Thickness Design by Spreadsheet’, Pavement Design & 
Performance Unsealed Roads, Quality, Proceedings of the Combined 18th ARRB Transport 
Research Conference and Transit NZ Land Transport Symposium, New Zealand 
22nd ARRB Conference – Research into Practice, Canberra Australia, 2006 
© ARRB Group Ltd and Authors 2006  17 
Vorobieff G., 2001, ‘Recent Development in Australia in Concrete Pavement Thickness Design’, 
Proceedings of the 7th International Conference on Concrete Pavements, Orlando, Florida, USA  
ACKNOWLEDGEMENTS  
The original work of this study was sponsored by the Queensland University of Technology 
(QUT), Australia, and Rinker Australia under R&D project RD835. Thanks are expressed to 
Glenn Carson for helping with project planning and execution. 
AUTHOR BIOGRAPHIES 
M.Y. Darestani - PhD Student, School of Urban Development, Queensland University of 
Technology 
 
David P. Thambiratnam – Professor, School of Urban Development, Queensland University of 
Technology 
 
A. Nataatmadja – Senior Lecturer, School of Urban Development, Queensland University of 
Technology  
 
Daksh Baweja – Principal Engineer, Rinker Australia 
